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* NAPIOFAL ADVISOEY COMMTETEE EOE AESOEADTICS 

BESEABCH MEM3BAMDDM 
ELAMB ■VELOCITIES OF FOUR AIEOSILAHES 
By Melvin Gearateln, Edgar L. 'Wong 
and Oscar Levine 


SUMMAEY 

The rates of flame propagation of four aliylsilanes have "been 
determined hy a tube method. The max 1 na;jn fundamental rate of flame 
propagation increases in the order: tetramet hyls llane < trlmethyl- 

silane < diethyls llane < monoethyls ilane . A precise fundamental 
flams velocity could not "be obtained for monoethyls llane "because of 
the high rate of propagation. In each case the alkyls ilanes have 
considerably higher flame velocities than the hydrocarbons that would 
result if the silicon were replaced by carbon; whereas the physical 
properties of the alkylsilanes resemble those of the coirespondlng 
hydrocarbons. On the basis of a qualitative comparison^ it appears 
that the mechanism of the chemical reaction may be Important in 
determining the rate of flame propagation. 

"When diethylsilane is blended with n-pentane, no marked increase 
in flame velocity occult until the concentration of diethylsilane is 
greater than 20 percent. The flame velocities of the blends are lower 
than would be predicted from a linear blending relation. At no con- 
centration of total combustible does a mlxtiire of diethylsilane and 
pentane have a higher flame velocity than diethylsilane at a concen- 
tration equal to the concentration of total combustible. 

IHTEODUGTIOIT 

The high-velocity combustion required in modern Jet-propelled 
aircraft has revived Interest in the study of fundamental combustion 
properties such as flame velocity, ignition energy, ard flammability 
limits. The flame -velocity measurements of four alkylsilanes discussed 
in this report were directed towards finding fuels capable of supporting 
stable combustion in a high-velocity air stream and yet possessing 
physical properties' similar to those of conventional fuels. The class 
of compounds being investigated, the alkylsilanes, was chosen after an 
eacamlnation of the literature because of the similarity of their physical 
properties to hydrocarbons and the indications that they might have 
high flame velocities . 
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Previcfus work "by tlie authors (references 1 and 2) indicated that 
the majority of the hydrocarhona have flame velocities between 30 and 
70 centimeters per second. Other investigators (reference 3) show that 
the maximum, to he expected from, organic compounds containing oxygen or 
nitrogen is about 90 centimeters per second. Although other exceptions 
may exists only acetylene with a flame velocity of 157 centimeters per 
second and hydrogen with a flame velocity of 3l7 centimeters per second 
are notably higher. Unfortunately, acetylene because of its low boiling 
point and instability when stored under pressure, and hydrogen because 
of its low boiling point and low density cannot be used in fuel systems 
of conventional design. 

It is well known that the presence of metal -to -carbon bonds as in 
metal alkyls, or metal -to -hydrogen bonds as in hydrides, often leads to 
spontaneous inflammability at room temperature. It is reasonable to 
expect, therefore, that the presence of certain metal -to -carbon and 
metal -to -hydrogen bonds in a molecule might result in flame velocities 
considerably greater than most hydrocarbons . At the seane time it would 
be desirable to have a fuel that was not spontaneously Inflammable. 

Only a few metal alkyls or hydrides can meet this requirement . A pre - 
liminary investigation of one of them, dlborane, indicates that it does 
have an exceptionally hi^ rate of flame propagation (references 4 and 
5) . Unfort\inately, diborane also has a low boiling point and decomposeB 
when stored at room temperature. A class of compounds that meet the 
foregoing requirements is the alkylsilanes which, unlike silane itself, 
do not ignite spontaneously on contact with air at 3TOom temperature, are 
relatively easy to prepare, and, for some members, have densities and 
boiling points in the same range as conventional hydrocarbon fuels 
(reference 6) . 

This report contains the results of an investigation of the flame 
velocities of fo\or alkylsilanes ; monoethylsilane , diethylsilans, 
trimethyls llane, and tetramethylsilane, determined by the tube method 
of reference 1. 

AEPAEATUS 

The apparatus and experimental technique used for the measurement 
of the flame velocities were the same as those described in reference 1. 
The flane tube consists of a horizontal, cylindrical, Pyrex tube with an 
inside diameter of 25 millimeters and a length of 57 centimeters. An 
8-miUlmeter-dlameter orifice was placed at the ignition end of the 
flame tube and a second orifice, 1.7 millijneters in diameter, was placed 
at the opposite end. A methyl alcohol flame was used as the source of 
ignition. 
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Tlie linear or obeerved spatial f.lame velocity Uq was measured at 
room temperature and atmospheric pressure by means of two photocells 

placed 6^ inches apart and connected to an electronic timer. The funda- 
o 

mental flame velocity Uf was calculated by the equation (reference 1) 

Uf = (Uq - Ug)(Afc/Af) (1) 


where 


Uf fundamental flame velocity (velocity component normal to any tan- 
gent to flame surface) 

Up linear observed flame velocity (spatial velocity) 

Ug gas velocity ahead of flame 




cross -sectional area of flame tube 
flame surface area 


The gas velocity Ug was calculated by the empirical equation from 
reference 1 


Ug = 0.236 Up - 10.47 cm/sec (2) 

Superposition of photographs of alikylsilane flames on photographs 
of hydrocarbon flames showed that the flame front was tie same in shape 
and dimensions . Consequently, the surface area of the flame Af was 
assumed to be equal to that found for hydrocarbon-air flames, 

11.25 square centimeters (reference l) . The alkylsilane flame had a 
slightly longer tall but this was ignored in the area calculations. 


After each run with an alltylsllane, a fine deposit of silicon 
diozide was left on the tube . This deposit was cleaned out with a 
glass-wool swab after each run. To check the effect of the deposit, 
runs were made in clean tubes and in tubes coated with varying quan- 
tities of silicon dioxide . At no time was a difference found in the 
flame velocities . The reproducibility of the experimental procedure 
was conflraed by periodic testing of n-pentane during the investigation 
of the alkylsilanes . At no time did the linear flame velocity for. 
n-pentane deviate more than 2 percent from its original value (refer- 
ence 1) . At least three deterelnatlons of the linear flame velocity 
were made for each mixture ■ concentration studied. The flame velocities 
reported herein are average values and have a preolBion of ±2 percent 
for tetramethylsilane and trlmethylsilane . The precision of the flame 



4 


MCA EM E51A08 


velocities for diethylsllane is only ±4 percent 'because of tbe greater « 

difficulty in determining tlie flane surface area of fast flames . A 
fundamental flame velocity could not "be ott^ned for monoetbylsllane 
"because of tTae uncertainty in the flame shape due to the high T&tQ of 
propagation. 

FUELS 

The aUsylsilanes used in this investigation were prepared at the 
Lewis laboratory by reduction of the corresponding chlorides by lithium 
a^nminuTn hydride (reference 7 ) . The compounds were distilled over 
lithium hydride and have a purity greater than 97 percent as determined 
by carbon and silicon analyses and freezing point. Some physical pro- 
perties of the alkylsilanes are given in table I. Of the compounds 
reported herein, only diethylsilane and tetramethylsilane have boiling 
points above room temperature, and all the sHanee have freezing points 
below -100° 0 . The specific gravity of the alkylsilanes is between 
0.65 and 0.68. The physical properties of the silanes aie compared in 
table I with those hydrocarbons that would result if the silicon were 
replaced by carbon. 

The alkylsilanes used in this investigation could be handled in 
air without appreciable oxidation or hydrolysis . The compounds con- 
taining many silicon-to -hydrogen bonds such as monoethylsilane and 
diethylsilane have a tendency to hydrolyze when kept in contact with 
water for extended periods of time. 

BESDLTS MD DISCUSSIOTT 

Alkylsilane flame velocities . - The fundamental flame velocities 
of diethylsilane, trlmethylsilane, and tetramethylsilane are plotted in 
figure 1 as a function of the ratio of the fuel concentration to the 
stoichiometric fuel concentration for combustion in air. Similar data 
for ethylsilane could not be obtained by the tube method because the 
spatial rate of flame propagation was so high that a smooth flame front 
could not be distinguished. The spatial velocity for a lean mixture, 

95 percent of stoichiometric, was about 560 ' centimeters per second. 

This can be compared with acetylene which gave a maximum spatial veloc- 
ity of about 600 centimeters per second in the same tube . In any 
attempts to obtain spatial rates of flame propagation for mixtures 
richer in ethylsilane, the orifice towards which the flame advanced 
was forcibly blown from the tube. 

The curves in figure, 1 for the other alkylsilanes resemble those 
obtained for hydrocarbons (references 1 and 2) . In each case the 
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I Tmi-m flame velocity occurs slightly to the rich side of stoichio- 

metidc . The scatter of the points in the curve for diethylsilane 
indicates that a flame velocity of about 100 centimeters per second is 
near the limit of the present apparatus . 

Maximum flame velocities taken from the curves of figure 1 are 
summarized in table I and plotted in figure 2 . The maximum flame 
velocity Increases rapidly as the number of silicon-to -hydrogen bonds 
is increased, although the alkyl groups attached to the silicon were 
not the same in all cases. Ethylsllane would fall considerably above 
diethylsilane, whereas silane (SIB 4 ), which has only silloon-to- 
hydrogen bonds, can be assumed to have Infinite flame velocity because 
it is spontaneously inflammable at room temperature. 

An intersting comparison can be made between diethylsilane and 
te tramethyls 1 lane because they are Isomers and, consequently, have the 
same products of combustion. Diethylsilane has a flame velocity about 
100 percent greater than that of tetramethylsilane. 

Blends of diethylsilane and n-pentane. - The use of the alkyl- 
^ silanes as additives to petroleum fuels was considered as a possible 

means of increasing the rate of flame propagation of the fuel. The 
rate of flame propagation of mixtures of n-pentane and diethylsilane 
. is shown in figure 3. The flame velocity is plotted against the 

fraction of diethylsilane in the fuel for constant over -all concen- 
trations of fuel plus additive. Both pentane and diethylsilane have 
the same stoichiometric concentration on a volumetric basis. The curve 
for 2. 94 -percent total Inflammable is near the concentration for max- 
imum flame velocity for pure n-pentane and jure diethylsilane, and the 
other curves represent concentrations on either side of the maximum. 

The curves Illustrate that there is no positive catalytic effect when 
diethylsilane is added' to n-pentane. In fact, the first 20 percent of 
diethylsilane increases the flame velocity Only about 10 percent . The 
flame velocities of the blends are lower than would be predicted from 
a linear blending relation. A cross -plot of the data as an additional 
Illustration of the trends is given in figure 4, where the flame veloc- 
ity is plotted against the total concentration of caabustible (fuel and 
additive) for constant . percentages of diethylsilane in tte n-pentane. 

As expected, the flame velocity increases as the concentration of 
additive increases, with the maximum for each curve occurring in the 
vicinity of 3.0-percent totaJ. inflammable by volume. 

Flame propagation theories . - The thermodynamic and kinetic data 
available for the alkyls ilanes are still insufficient for application of 
» theories of flame propagation. It is possible, however, to calculate 

heats of combustion using heats of formation obtained from bond energies 
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by the method, of Pauling (reference 8) . The results of these calctila- t 

tlons are given in table I along with similar data for the hydrocarbons 
that would result if the silicon were replac~ed by carbon. A rough 
estimate of the accuracy of the calculated heats of combustion can be 
obtained for SiH^. Blchowsky and Eossini (reference 9) report a heat 

of combustion of 324 kcal per mole; the calculated value is 326 kcal 
per mole . 

A striking point is that the heat of combustion of diethylsilane 
is only about 2 percent greater than that of tetramethylsilane , whereas 
the flame velocity of the diethylsilane is 100 percent greater as pre- 
viously mentioned. 

Two principal types of theory of flame propagation have been pro- 
posed: thermal theories in which heat conduction from the flame front 

is the rate -controlling step, and diffusion theories in which the dif- 
fusion of active particles from the flame front into the unbumed gas is 
the rate -controlling step. Inasmuch as the heats of combustion of the 
two isomers are so nearly the same, the flame temperatures and, hence, 
the rate of heat conduction would also be alike . Simllar3-y, because 
the active particle concentrations depend . strongly on flame temperature, 
it is unlikely that there would be sufficient difference between the two 
isomers to account for the two-fold Increase in flame velocity of 
diethylsilane over tetramethylsilane . , 

It appears, therefore, that other factors must be considered in 
the rate of flame propagation such as the ignition temperatures of the 
mixtures or the relative effectiveness of active particles in producing 
the flame reactions . In other words, the mechanism of the reaction may 
be important in determining the rate of flame propagation inasmuch as 
both the factors just mentioned are reflected in the oxidation mechanlam. 

The indication that the partial pressures and diffusion coeffi- 
cients of sxane of the important free radicals are not sufficient to 
account for flame velocity variations is given by the deviation of 
ethylene frcm the correlation of hydrocarbon flame velocities by a 
diffusion theory (reference 10) . Ethylene has a higher flame velocity 
than that predicted by the diffusion of free radicals unless a higher 
reaction-rate constant Is used for ethylene than is used for most 
other hydrocarbons . Sachsse and Baartholcme (reference 11) show a 
similar deviatlopj for a curve of hydrogen atom concentration plotted 
against flame . velocity, hydrogen and acetylene fall oonsiderably above 
the curve for carbon monoxide and some saturated hydrocarbons. 

The principal diffe 2 :ence between diethylsilane and tetramethyl- 
silane is that the former contains two silicon-to -hydrogen bonds. 
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whereas the latter contains none. It is possihle^ therefore, that the 
rate of reaction of osygen or of some free radicals with the silicon-to- 
hydrogen hor^ as opposed to the rate of reaction of the same suhstances 
with carbon-to -hydrogen bonds is important In the propagation process. 
The importance of s1.l 1 con-to-hydrogen bonds has already been indicated 
in the discussion of the data illustrated in figure 2 . 

A comparison can also be made ■ between alkylsilanes and the hydro- 
carbons that result when the silicon is oreplaced by carbon. Inasmuch as 
the products of combustion are different, however, the results are more 
difficult to Interpret. In each case the silane has a heat of combus- 
tion about 100 kcal per mole greater than the corresponding hydrocarbon. 
About 80 kcal per mole of this could be considered as being used to melt 
and vaporize SIO 2 so that it cannot be considered as contributing 
greatly to increased flame temperature or free radical concentrations . 
The resulting heats of combustion of the silanes, for gaseous SiOg, 
are only 'from 0 to 10 percent greater than those of the coiresponding 
hydrocarbons. Here, too, it is difficult to account for the extremely 
large difference in flame velocity, almost three -fold in the case of 
diethylsllane as compared with n-pentane, on this relatively smal l 
difference in heat of ccmbustlon. This comparison also strongly sug- 
gests the importance of the mechanism of the chemical reaction in the 
rate of flame propagation. The difference in reactivity of compounds 
containing silicon compared with hydrocarbons has been reported by many 
Investigators for a variety of reactions. Bochow (reference 12) states 
that, although silicon remains tetravalent like carbon in its organic 
ccmapounds, the presence of silicon in the, molecule may cause vigorous 
reactions that are unknown in the analagous carbon compounds. 

SUMMAET OF EESDLTS 

1. The rates of flame propagation of four alkyls ilanes have been 
studied. The maximum rate of flame propagation increases in the order 
tetramethylsilane < trlmethyl silane' < diethylsllane < mono ethyls ilane. 

2 . In each case the alkylsilanes have a considerably higher flame 
velocity than the hydrocarbons that would result if the silicon were 
replaced by carbon. The physical properties of the alkylsilanes 
resemble those of the corresponding hydrocarbon. 

3 . On the basis of a q,ualitative ccmparison, it appears that the 
mechanism of the chemical reaction may be important in determining the 
rate of flame propagation through mixtures of alkylsilanes and air. 

4. 'Wheh“ diethylsllane is mixed ■with n-pentane, no marked Increase 
in flame velocity occurs until the concentration of diethylsllane is 
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quite laigli. The flame velocities of the 'blends are lower than would • 

he predicted hy a linear blending relation ■ — 


Lewis Flight Propulsion Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 


EEFEEEINCIS 

1. Gerstein, Melvin, Levine, Oscar, and Wong, Edgar L.; Fundamental 

Flame Velocities of Pure Hydrocarbons. I - Alkanes, Alkenes, 
Alkynes, Benzene, and Cyclohexane. NACA EM E50G-24, 1950. 

2. Levine, Oscar, Wong, Edgar L., and Gerstein, Melvin: Fundamental 

Flame Velocities of Pure Hydrocarbons . II - Alkadienes . NACA 
EM E50H25, 1950. 

3. Calcote, Hartwell F., Barnett, Charles M., and Irby, Moreland E. : 

The Burning Velocity of Various Compounds by the Bunsen Burner 
Method. Paper presented at 116th Meeting of the Am. Chem. Soc., 
(Atlantic City, N . J . ) , Sept . 18-23, 1949 . (See Abstracts of 
Papers 116th" Meeting of Am. Chem. Soc., p. 3®.) 

4. Gammon, Benson E., Genco, Eussell S., and Gerstein, Melvin; A Pre- 

liminary Experimental and Analytical Evaluation of Diborane as a 
Eam-Jet Fael . NACA EM E50J04, 1950 . " 

5. Price, F. P.; Burning and Detonation of Mixtures of Boron Hydrides 

with Air and Oxygen. Eep. No. E50A0504, Apparatus Dept., Gen. 
Elec . Co . , March 1950 . (Pro;3 • HEBMES, Ord . Dept . ) 

6. Finholt, A. E., Bond, A. C., Jr., Wilzbaoh, K. E., and Schlesinger, 

H. I.; The Preparation and Some Properties of Hydrides of 
Elements of the Fourth Group of the Periodic System and of their 
Organic Derivatives. Jour,. Am. Chem. Soc., vol. 69, no. 11, 

Nov. 1947, pp. 2692-2696. ' 

7. Tannenbaum, Stanley, and Murphy, Maurice F.: The Preparation, 

Physical Properties, and Heats of Combustion of Four Alkylsilanes. 
NACA EM E51A05, 1951. 

8. Pauling, Linus: The Nature of the Chemical Bond. Cornell Univ. 

Press, 2d ed., 1940. 


2089 



NACA EM E51A08 


9. Bichowsky, F. Eussell, and Eossinl, Frederick B. : The Theimooheiii- 

Istry of the Chemical Suhstances . Eeinhold Pah. Corp. (New York)^ 
1936 . 

10 1 Simon, Dorothy M., Wong, Edgar L., Levine, Oscar, and Gersteln, 
Ifelvln: Flame Propagation. The Effect of Molecular Structure 

on the Flame Velocities of Hydrocarhons . Abstracts of Papers 
117th Meeting of Am. Chem. Soc., 1950, pp. 59(0)-60(0). 

11. Sachsse, H., und Barbholome, E.: Beltr^e zur Frage der 

Flammengeschwlndigkeit . Zeltschr. f. Elek., Bd. 53, Nr. 4, 

Aug. 1949, S. 183-190. 

Hoc how, Eugene G. : Chemistry of the Silicones. John Wiley and 

Sons, Inc., New York, 1946. 


12 . 



TABLE I - GOMPARISOH OF PKOEERTIES OF ALKSXSILAllBa WITH CCKRBSPOHDIMG HYIKOCARBOBS 


Fuel 

name 

Formula 

Silane 

81H4 

Methane 

CH 4 

Monoethyla ilane 

CHjCHgSlHj 

Propane 


Diethyls ilane 


Peirtane 


Trlmethylailane 

(CH^)^ 31H 

2-Methylpropane 

(^ 3)3 ® 

Tetramethyls ilane 

(CHgj^'Sl 

2, 2-Dimethylpropane 

(^3^4 ^ 


Boiling 

point 

(°C) 


Specific Heat of Maxlmm flame velocity 
gravity ccwibuHtion (cm/aec) 

(kcal/mole) 

Uo Uo-Ug Uf 



^Handbook of Phyalca and Chemistryj Cbemical Rubber Co., 28th edition, 19M. 
^Calculated from bond energies (reference 6) for reaction 

, « „ . 3ivr + 4 _ . ...V 



(c) (c) ■ (c) 

84'.5® 75.0® 53.8® 9.96® 

>660 

99.5® 66.5® 39.0® 4.54® 

309 247 in 3.12 

98.0® 85.5® 38.5® 2,92® 

252 203 92 3.74 

.87.5® 77.3® 34.9® 3.48® 

161 134 60 3.00 

83.0® 73.9® 33.3® 2.85® 




^t^n^Hn+l^r «(4-r) (gae) + 1 ^2{gpia) 


/ . rt\ TT /\ . 


°i^2(fused) ^^2(gns) "2^(llgjil4) ♦ 


®Spantaiieou3ly Inflamnable. 

^Selected Values of Prqperties of Bydrocarbons, national Bureau of Standarda, 1947. Heat of combustion for 
reaction CuH2j^+2(gaB) + 2 ^ ° ^(gaa) . 

^RefeMnce 7. 
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Figure 1. - Fundamental flame velocity of silanes. 
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Number of hydrogen atoms substituted 


Figure 2. - Effects of substituting hydrogen 
atoms with alkyl groups . 




Flame velocity, U*., cm/sec 
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Figure 4. - Effect of concentration on flame velocity of 
diethylsilane-pentane-air mixtures. 




NACA-Lanuley - S-S-61 - 400 


